A surgical face mask is an important medical device used to protect both surgical patients and operating room personnel from the transfer of microorganisms, body fluids and particulate material. In this research, the effect of repellent finish on filtration ability of surgical face masks was studied. In determining the filtration ability of surgical face masks, a technique using Laser Scanning Confocal Microscopy (LSCM) was used to determine particle capture. Small particles present on/in nonwoven fabrics of the face masks were located using LSCM. Then, image analysis was used to quantify the small particles by total area to evaluate the filtration ability. The results showed that the filtration layer was the primary contributor to the barrier effectiveness of the surgical face mask. Statistical analysis was performed and the results showed that although repellent finish decreased the filtration ability of the cover layer, it did not affect the filtration ability of the filtration layer.
Introduction
The surgical face mask is a device intended to be worn by operating room personnel during surgical procedures to protect both the surgical patients and the operating room personnel from transfer of microorganisms, body fluids and particulate material. [1] Infection control in the hospital is very important for the safety of both health care workers and patients. One of the established routines in the operating theatre is the use of surgical face masks to minimize the risk of infection. In the United States, standards and guidelines related to this have been published by several organizations. The Association of periOperative Registered Nurses (AORN) has published recommendations related to standard precautions.
Standard precautions to prevent pathogen transmission should be used during all invasive procedures. Standard precautions include the use of protective barriers and prompt and frequent hand washing to reduce the risk of exposure to potentially infectious materials. Personal protective equipment (PPE) for standard precautions includes intact gloves, gowns, masks, and eye protection (eg, face shields, goggles, glasses with side shields). Leg coverings, shoe covers, and other PPE may be used where indicated.
[2] The Centers for Disease Control (CDC) has published a prevention recommendation that includes the following: "Surgical masks should be used to prevent the respiratory secretions of the person wearing the mask from entering the air." [3] Use of protective apparel, face masks and other equipment is also recommended by the Occupational Safety and Health Administration (OSHA). The OSHA Occupational Exposure to Bloodborne Pathogens: Final Rule (1991) requires all employers to supply personal protective equipment to employees. The equipment must provide protection against all reasonable anticipated occupational exposure and must not permit blood or other potentially infectious materials to pass through or reach the empolyee's work clothes, street clothes, undergarments, skin, eyes, mouth or other mucous membranes under normal conditions of use. [1] In recent years, several new ASTM standards specifically relating to face masks and their evaluation (ASTM F 1862-00 [4] and ASTM F 2101-01 [5] ) were also approved.
The ASTM F 1862-00 test method allows for the assessment of the fluid resistance of surgical face masks, but only the pass or fail of the face mask is reported. Although there are some reported studies [6, 7] relating the application of a repellent finish to other PPE devices such as surgical gowns, there is no known literature that reports applying repellent finish to the surgical face mask. Therefore, in this paper a repellent finish was applied to the cover fabric of the surgical face mask and its influence on the filtration ability of the face mask was studied.
MATERIALS AND METHODS Nonwoven Fabrics and Repellent Finish
An investigation conducted by Leonas identified those surgical face masks currently available on the market. Fourteen surgical face masks, representative of varying fabric structures, were reported. Face mask characterization tests including weight, thickness, water repellency spray, hydrocarbon resistance, dynamic contact angle and fluid resistance were preformed. The results of that investigation were reviewed and the types and the weight range of nonwoven fabrics used in these face masks were found. Based on this information, categories and target weights of nonwoven fabrics used for this study were selected. Four nonwoven fabrics were obtained from the industry, including one polypropylene meltblown nonwoven fabric the weight of which is about 20 g/m 2 for the filtration layer, one polypropylene spunbonded nonwoven fabric the weight of which is around 26 g/m 2 for the support layer, one polypropylene spunbonded nonwoven fabric the weight of which is around 20 g/m 2 for the cover layer and one polypropylene spunbonded nonwoven fabric the weight of which is about 18 g/m 2 for the shell layer. To enhance the resistance of the surgical face mask to penetration by fluid, a fluorochemical finish was applied to the fabric to be used as the outside layer (cover layer) of the simulated surgical face masks that were prepared for use in this study. Fluorochemical repellents are unique in that they confer both water and oil repellency to fabrics. This property is important because low surface tension liquids such as alcohols often exist in the operating room. Zonyl ® PPR Protector is a low curing temperature oil and water repellent fluoropolymer available from Ciba Specialty Chemicals. [8] It is a typical fluorochemical finish and mainly applied to polypropylene. Therefore Zonyl ® PPR Protector was used in this study.
Two-way Factorial Design
The add-on level of the repellent finish is critical to impart the desirable properties to products. 3%, 6%, 9% and 12% addon levels were selected, then the fluorochemical finish was applied to the cover layer polypropylene fabric at those addon levels. Finally, dynamic contact angles at 3%, 6%, 9% and 12% add-on levels were measured to assess whether the finish offered the desired repellent properties. The dynamic contact angles of these treated cover fabrics were reported in Table 1 .
The results in Table 1 showed that the higher the add-on level, the greater the advancing contact angle of the treated cover fabric. When a 3% add-on level of the repellent finish was applied to the cover fabric, the advancing contact angle, 87.68 degrees, was still smaller than 90 degrees. When a 6% add-on level of the repellent finish was applied to the cover fabric, the advancing contact angle, 91.22 degrees, was greater than 90 degrees. From this preliminary work where limited add-on levels of the repellent finish were evaluated, the 6% was the lowest add-on level where repellency was achieved. Therefore, 6% was selected as the low level of repellent finish that would be applied to the cover fabric to obtain the repellent property. In this study, three add-on levels of repellent finish (0%, 6% and 12%) were used to study the effect of repellent finish on the filtration ability of face masks. An add-on level of 0% was used as the control. Although 9% add-on level could offer greater advancing contact angle (92.76 degrees) than 6% add-on level, 12% was selected as the high level repellent finish that would offer much better repellent property because it offered much greater advancing contact angle (96.62 degrees) to the cover fabric than the 9% add-on level.
To simulate surgical face masks, the following three layering orders were used: 1) Three-layer face mask and a layer arrangement of cover fabric, filtration fabric and shell fabric from outside to inside, 2) Four-layer face mask and a layer arrangement of cover fabric, filtration fabric, support fabric and shell fabric from outside to inside, 3) Four-layer face mask and a layer arrangement of cover fabric, support fabric, filtration fabric and shell fabric from outside to inside.
Based on the repellent finish add-on level and the layering order, the following two-way factorial design (Table 2 ) was used. This two-way factorial design has three repellent add-on levels and three different layering orders. Nine simulated face masks could be formed in accordance to the two-way factorial design and the codes of these face masks are also listed in Table 2 .
Application of Repellent Finish
The pad-dry-cure method was used to apply the repellent finish to the cover fabric.
A Cromax laboratory padder was used and the cover fabric was passed through a bath, and then one pair of rubber rollers twice (two dips and two nips) at 60 psi and a rate of 2.5 m/min. The concentration of repellent finish necessary in the solution to achieve the desired add-on level was determined using the following formula:
To calculate the concentration of the fluorochemical bath, the wet pick-up of the cover fabric was determined first using the following formula:
The measured mean wet pick-up was 200% with a standard deviation of 2.92%. Therefore wet pick-up 200% was used in equation 1. Then the necessary chemical concentration was calculated according to the wet pick-up and the desired addon level. In this study, 30 g/l and 60 g/l concentrations of repellent finish were prepared to obtain the 6% and 12% addon levels respectively. Finally, the fabrics were dried at 176 O F for two minutes and then cured at 250 O F for two minutes in a Mathis laboratory curing oven according to the Zonyl ® PPR Protector Technical Bulletin [9] .
After the application of the repellent finish, the treated cover fabric layer and filtration layer, support layer and shell layer were arranged to simulate different face masks according to the predetermined layering orders. Therefore nine (three three) different simulated face masks were formed. For each of the nine face masks, a minimum of three specimens was formed for the evaluation of filtration ability.
Examination of Filtration
Examination of filtration was composed of three steps: (1) exposure of the face mask to challenge aerosol containing small particles, (2) LSCM examination, and (3) image analysis. First, the face masks were exposed to a challenge aerosol composed of synthetic blood and small particles. Then a technique using LSCM was used to determine particle capture. Small particles present on/in nonwoven fabrics were located using LSCM to determine that the particles were captured. Finally, the image analysis was used to quantify the number of small particles (by area) to examine the filtration ability of the face mask.
Exposure of the face mask
The face masks were exposed to a challenge aerosol by modifying Standard Test Method ASTM F2101-01, Standard Test Method for Evaluating the Bacterial Filtration Efficiency (BFE) of Medical Face Mask Materials, Using a Biological Aerosol of Staphylococcus aureus [5] . Prior to the exposure, the simulated face masks were conditioned for a minimum of 4 hours in conditions of 21 + 5 O C and a relative humidity of 85 + 5%. To study the filtration ability of face masks against small particles, a challenge liquid containing small particles rather than a S. aureus suspension was used to generate the aerosol. This challenge liquid was composed of latex microspheres and synthetic blood. Synthetic blood is a mixture of a red dye/surfactant, thickening agent, and distilled water having a surface tension and viscosity representative of blood and some other body fluids, and the color of blood. [4] The spheres are fluoresbirte TM carboxylate microspheres (Polysciences, Inc.) the average size of which is 1.0 micron, and they are round in shape. These physical properties are similar to that of bacteria S. aureus, and spheres were used in previous studies [9] to simulate S. aureus. The concentration of the solution was 2.5 x 10 -4 .
LSCM examinations
After the exposure of the face mask to the challenge aerosol, the face mask specimen was examined with a Leica TCS SP2 Spectral Confocal Microscope to locate the small particles present on/in the structure of the face mask. To study the effect of the repellent finish on the filtration ability of face masks, the LSCM was used to examine the surfaces of individual layers of the face masks. The LSCM surface examination of small particles on various layers of the face masks was composed of the following steps:
1. A one square inch specimen that contained an exposed area was removed by cutting from the face mask, 2. Then specimen was immediately frozen using liquid nitrogen, 
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3. The layers of each specimen were separated and individually placed on glass slides, then covered with cover slips, 4. The surfaces of specimens were examined using LSCM. For each face mask, three specimens were examined and for each specimen, five different locations on the surfaces of the face masks were randomly selected and examined using LSCM.
Image analysis
Image Processing and Analysis in Java (ImageJ) was used to complete the image analysis. ImageJ was selected because it is a pubic domain Java image processing program that can analyze 8-bit, 16-bit and 32-bit images and read a variety of image formats. The area represented by pixel value statistics of a selected area can be calculated using ImageJ. ImageJ also supports standard image processing functions such as contrast manipulation, sharpening, smoothing, edge detection and median filtering.
[10] Total area (as determined by square pixels) was used to represent the small particles captured on the surface of individual fabric layers of face masks. The total area was calculated by the product of the number of particle spots with the mean area of all particle spots. The procedure of image analysis was composed of the following steps: 1) The original LSCM image was obtained, 2) The original image was adjusted using a threshold with parameters of 100 pixels to 255 pixels, 3) The adjusted image was analyzed to obtain the simulated image. The minimum analysis size was 1 pixel and the maximum was 9999 pixels, 4) The number of particle spots and the mean area of all particle spots in the simulated image were determined.
Statistical Analysis
Statistical analysis was performed on the filtration ability of face masks using the SAS system. Add-on levels of repellent finish were the independent variables. The filtration ability was the dependent variables. ANOVA was used to do the analysis and it was conducted using 1% significance level.
RESULTS AND DISCUSSION
Individual fabric layers of each of these nine simulated face masks were examined to evaluate the filtration ability. LSCM surface examination was used to study the filtration ability of individual fabric layers. 
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LSCM Surface Examination
To locate the latex microspheres on/in the structure of nonwoven fabrics, a variety of combinations LSCM parameters were evaluated to determine those that produced the most effective images for this study. Table 3 showed the parameters actually used in this study. To locate the small particles on/in nonwoven fabrics, two detectors were used to identify different components by selective signal detection. Therefore, there were three images obtained by LSCM for each specimen. The left image was obtained by PMT one (Photo Multiplier Tube one) that was optimized to show the fabric. The middle image was obtained by PMT two that was optimized to show the small particles. The right image was the merged image that combined the left and the right images to show the distribution of small particles on the fabric.
The liquid used to generate the challenge aerosol was first examined by the LSCM with the parameters in Table 3 and the results are shown in Figure 1 . In these color micrographs, the microspheres were represented by red. When these three images are evaluated, it was apparent that nothing was identified by detector one while latex microspheres were clearly identified by detector two and the merged image was the same as the image obtained by detector two. This was expected as only the liquid that contains small particles was examined.
The cover fabric, filtration fabric, support fabric and shell fabric were also examined by the LSCM with the same parameters and the results were shown in Figure 2 -5. In these color micrographs, the fabrics were represented by shades of gray. The left images in Figures 2, 4 and 5 clearly showed the structures of the spunbonded cover fabric, support fabric and shell fabric. Both fibers and the diamond-shaped bonding point were identified by LSCM. The left image in Figure 3 clearly showed the structure of the meltblown filtration fabric. When all these images were evaluated, it was apparent that the structure of fabrics was clearly identified by detector one while nothing was identified by detector two and the merged images were the same with the images obtained by detector one. This was expected as only control fabrics were examined. All simulated face masks were then exposed to the challenge aerosol using the method as previously described in the Materials and Methods, each individual layer was examined by LSCM, and the emerged images were presented in Figures 6 -14 . In these color micrographs, the microspheres were represented by red and the fabrics were represented by shades of gray. When all of these images were evaluated, the merged images showed the distribution of small particles on fabrics.
In Figures 6 -14 , the surface structure of fabric layer and the small particles captured by the fabric were clearly shown. For face mask 0-1 (Figure 6 ), small particles were detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer. For face mask 0-2 (Figure 7 ), small particles were also detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer.
For face mask 0-3 (Figure 8 ), small particles were detected on the surfaces of the cover layer, support layer and the filtration layer, therefore images of these three layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric and the support fabric. The filtration layer appeared to capture more small particles than the other two layers while the support layer appeared to capture fewer small particles than the other two layers.
For face mask 6-1 (Figure 9 ), small particles were detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer.
For face mask 6-2 (Figure 10 ), small particles were also detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer.
For face mask 6-3 (Figure 11 ), small particles were detected on the surfaces of the cover layer, support layer and the filtration layer, therefore images of these three layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric and the support fabric. The filtration layer appeared to capture more small particles than the other two layers here while the support layer appeared to capture fewer small particles than the other two layers here. For face mask 12-1 (Figure 12 ), small particles were detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer.
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For face mask 12-2 (Figure 13 ), small particles were also detected on the surfaces of the cover layer and the filtration layer, therefore images of these two layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric. The filtration layer appeared to capture more small particles than the cover layer.
For face mask 12-3 (Figure 14) , small particles were detected on the surfaces of the cover layer, support layer and the filtration layer, therefore images of these three layers were shown. Small particles were captured on the fibers, interscies and bonding points of the cover fabric and the support fabric. The filtration layer appeared to capture more small particles than the other two layers here while the support layer appeared to capture fewer small particles than the other two layers here.
Image Analysis
ImageJ was used to complete the quantitative analysis of the small particles captured by the surfaces of different layers of face masks. Total area (as determined by square pixels) was used to represent the small particles captured on the surface of individual fabric layers of face masks. The total area was calculated by the product of the number of particle spots with the mean area of all particle spots. Image analysis of the small particles captured by the surfaces of individual layers of all nine face masks was completed. Data have been analyzed and are presented in Table 4 . According to these data, a comparison of small particles (represented by total area) captured by the surface of the filtration layer and other fabric layers were completed. Statistical analysis was also performed to study the effect of repellent finish on the filtration ability of fabric layers within the simulated face mask.
A comparison of small particles (represented by total area) captured by the surface of filtration layer and other fabric lay- ers was prepared and the result was shown in Figure 15 . In this figure, the x-axis represents the filtration layer and the layers before or after it and the y-axis represents the percent of small particles captured by the surface of this specific layer with reference to all small particles captured by the surfaces of all layers. Evidently, no particles penetrated the filtration layer. The figure also showed that the percentage of small particles captured by the filtration layer of each face mask was the greatest. This supports the observations previously discussed regarding information obtained from the LSCM images. The filtration layer captured more small particles than the other layers in each face mask. Therefore, as expected, the filtration layer is the primary contributor to the filtration ability of the face mask.
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Statistical Analysis of the Impact of Repellent Finish on Filtration Ability of Face Masks
Repellent finish was applied to the cover fabric to increase the fluid resistance of the face mask. The filtration ability of the cover fabric was studied to determine whether repellent finish affected this property. Although repellent finish was only applied to the cover fabric, small particles had to penetrate the treated cover fabric before they were captured by the filtration layer. Therefore, the effect of repellent finish on the filtration ability of filtration layers of the nine simulated face masks were also studied. ANOVA was used to analyze the small particles (represented by total area) captured by all cover layers and filtration layers of simulated face masks to determine the impact of repellent finish on filtration ability of face masks. The statistical results were shown in Table 5 .
The results showed that p values of the effect of repellent finish on cover layers were all smaller than the significant level, 1%. Therefore, the effect of repellent finish on cover layers was significant and, the repellent finished cover layers captured significantly fewer small particles than control cover layers in face masks with all three layering orders. The cover layer is the fabric that comes in direct contact with a fluid challenge, and is most critical for splash resistance. The p values of the effect of repellent finish on filtration layers were all greater than the significant level, 1%. Therefore, the effect of repellent finish on filtration layers was not significant. Of the layers within the face mask, the filtration layer is the primary contributor to the filtration ability of the face mask. Therefore, repellent finish on the cover fabric did not influence the filtration ability of the filtration layer or the overall filtration performance of the face mask significantly.
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Conclusions
The primary objective of this paper is to study the effect of repellent finish on filtration ability of surgical face masks. Four nonwoven fabrics were selected as a cover fabric, a filtration fabric, a support fabric and a shell fabric. Three levels of repellent finish, 0%, 6% and 12%, were applied to the cover fabric. In determining the filtration ability of face masks, LSCM surface examination was used to determine particle capture. Small particles present on/in nonwoven fabrics were Table 5 STATISTICAL RESULTS OF ANOVA ANALYSIS located using LSCM to determine that the particles were captured. Then, image analysis was used to quantify the small particles by total area to evaluate the filtration ability. Finally, statistical analysis was performed to analyze the impact of repellent finish on the filtration ability.
Results showed that the filtration layer was the primary contributor to the filtration ability of the face mask. Statistical analysis showed that repellent finished cover layers captured significantly fewer small particles than control cover layers in all face masks. However, repellent finish on the cover fabric did not influence the performance of the filtration layer in any of the face masks. Represented By Area
